In this paper, the impact of holding umbrella on the uni-and bi-directional flow has been investigated via experiment and modeling. In the experiments, pedestrians are required to walk clockwise/anti-clockwise 
Introduction
Recently, the study of pedestrian dynamics has attracted considerable attention in many research fields (Helbing, 2001; Daamen and Hoogendoorn, 2003) . In order to enhance level-of-service and efficiency of pedestrian facilities and improve crowd safety during mass events or evacuation processes, it is necessary to investigate the local interaction laws underlying pedestrian dynamics.
Current pedestrian dynamics studies mainly focus on two fields. One is pedestrian evacuation in emergence situations. Helbing et al (2000a) took into account the panic degree in the social force model, and observed faster-is-slower effect and arching in evacuation. Garcimartín et al. (2014) launched a controlled experiment by allowing pushing one another or not to create competitive or non-competitive egress condition. It was found that competitive egress produces longer evacuation time. Studies showed that exit width and exit distribution also have significant impact on escape efficiency (Moussaïd et al., 2011; Hou et al, 2014) .
The other field is pedestrian flow under normal condition. In bidirectional flow, lane formation is a common phenomenon (Zhang et al 2012) . In intersection areas, stripes will form allowing crossing flows to penetrate each other (Helbing and Johansson, 2011) . Hoogendoorn and Daamen (2005) found that to reduce the interaction between pedestrians, zipper effect occurs in the narrow corridor. As a kind of social animal, the social group also affects the walking behavior (Moussaïd et al, 2010) . In particular, when the pedestrian density is large, the turbulent flow and stampede accident (Helbing et al, 2007) potentially happen.
For pedestrian flow under normal condition, the velocity-density diagram and flow-density diagram (fundamental diagram) are used to reveal the basic features of pedestrian dynamics (Seyfried et al, 2005; Chattaraj et al 2009; Suma et al, 2012; Yanagisawa et al, 2012; Flötteröd and Lämmel, 2015) , such as pedestrian flow capacity, transition from free flow to congestion, and so on.
The velocity-density diagram and flow-density diagram are affected by various factors. Chattaraj et al (2009) developed experiments with participants from different countries with distinct cultures, finding that the speed of German participants is more sensitive to density than Indian, and the movement of Indians is more effective than Germans. Suma et al (2012) conducted an experiment in which participants manipulate cellular phones, and found that phones result in smaller strength and range of anticipation, weakening the walking speed. In the view-limited condition (Guo et al, 2015) , pedestrians prefer a lower speed no matter in uni-or bi-directional flow, comparing to normal condition. Nagai et al (2005) investigated pedestrians going on all fours in counterflow, finding that the speed decreases more abruptly with increasing density. Social groups are common in pedestrian dynamics, and the growing group size reduces the average speed (Moussaïd et al, 2010) . Yanagisawa et al (2012) performed an experiment demonstrating that slow rhythm can improve the flow rate in a congested situation.
Lane formation is viewed as segregation phenomenon that oppositely moving pedestrians emerge into lanes of uniform walking direction. It is a self-organized collaborative pattern of motion originating from simple pedestrian interactions (Navin and Wheeler, 1969; Helbing et al, 2000b; Schadschneider et al, 2003; Zhang and Seyfried, 2014) . Helbing and Johansson (2011) found that in order to minimize frictional effects and energy consumption, pedestrians follow others in the same direction. In simulation, even if right/left-walking preference is not considered, lane formation also occurs. In experiments by Kretz et al (2006) , when two lanes are formed, pedestrians are always on the right hand side. Guo et al (2012) confirmed the look-ahead behavior of pedestrians in bidirectional flow by experiments. Nowak and Schadschneider (2012) introduced anticipation mechanism into the floor field model, which reproduces lane formation at high density. Moussaïd et al (2012) observed that the lanes are instable, and inferred that velocity difference lead to the phenomenon in the cognitive model. In the experiments of Zhang et al (2012) , with instruction requiring pedestrians to use specified exits, lane construction keeps varying. Without instruction, lanes remain stable form in the whole process. However, the mechanism causing lane formation is still not completely interpreted.
In the rainy/snowy day or sun-shining day in hot summer, the pedestrians walking outdoor usually hold umbrellas. However, few studies investigate the influence of holding umbrella on pedestrian dynamics. In this paper, the impact of holding umbrella on pedestrian flow is explored. The motivation of the study is twofold. Firstly, we concern about the quantitative effect of holding umbrella on pedestrian flow fundamental diagram. Secondly, we examine the impact of holding umbrella on the lane formation in bidirectional pedestrian flow. The experiments showed that under normal condition, pedestrians walking in different directions always separate into two stable lanes very quickly. However, when holding umbrella, pedestrians may separate into more than two lanes. Moreover, the merge of lanes have been observed. To model the pedestrian flow, an improved force-based model has been proposed. Simulation results are in agreement with the experiment.
The remainder of this paper is organized as follows. Section 2 describes the experimental setup. Section 3 presents the experimental results. Section 4 proposes improved force-based model and presents the simulation results. Section 5 concludes the paper.
Experimental setup
We performed the experiments in the afternoon on December 13, 2014 at Anqing Teachers College. As in previous experiment carried out in the morning on the same day (Guo et al, 2015) , an artificial ring-shaped corridor was utilized to conduct experiments. The inner radius and external radius of the corridor were 2 m and 5 m respectively, and the boundaries were marked with pasters ( Fig. 1) . The area of the experimental corridor is thus approximately 66 m 2 . 100 participants (undergraduate, 25 male, 75 female), which were different from participants in the morning experiment, participated in the experiments, and everyone had a serial number from 1 to 100. Participants with odd/even number held blue/orange umbrellas. The diameter of the umbrella was 1 m. The participants were naïve to the purpose of experiments. Seven sets of experiments have been implemented. Chronologically the participant number in each set was N=100, 60, 40, 80, 70, 90, 50 . Participant numbers were 1-100 in set 1, 1-60 in set 2, 61-100 in set 3, 1-80 in set 4, and 31-100 in set 5, 1-90 in set 6, 50-100 in set 7.
For the last two sets of experiments, firstly the participants were requested to walk without holding umbrellas (normal situation, see Fig.1a ). Initially, all the participants were distributed randomly in the corridor. They were requested to walk in the same direction. After some time, they were asked to stop.
Then N/2 participants with odd/even numbers were asked to walk clockwise, and the other N/2 with even/odd numbers walked anti-clockwise.
Next these participants were requested to hold up the umbrellas (umbrella situation, see Fig.1b ). As under normal situation, the participants were firstly requested to walk in the same direction. Then N/2 participants were asked to change their walk direction. This ends one set of experiment.
For the first five sets of experiments, participants were only requested to hold up the umbrellas. They were asked to firstly walk uni-directionally and then bi-directionally.
The experimental processes were recorded by video camera (SONY HDR-CX510E). The uni-and bi-directional flow rates were extracted manually. 
Experimental results

Experimental results under normal situation
Impact of holding umbrella
The fundamental diagram of unidirectional flow in which participants hold umbrella is presented in Fig. 3a clockwise direction lanes merge together, see Fig.4b and Supplemental Video S1. The two lanes have been stable throughout the experiment, see Fig.4c . Fig.4d shows that when two clockwise direction lanes merge, the difference between clockwise and anti-clockwise flow rates increases.
1 Since the set of experiment N=90 is carried out late, the participants are tired. Therefore, the flow rate difference is smaller than expected. In the experimental results of bidirectional flow in the 7th set of experiment, in which pedestrian number N=50, pedestrians quickly form four lanes, see Fig.5a . At about 32 second, two clockwise direction lanes and two anticlockwise direction lanes merge together respectively, see Fig.5b and Supplemental Video S2.
Note that pedestrians in anti-clockwise direction walk in the inner ring (Fig.5c ).
Similar phenomenon is also observed in experiments of N=70, 40, see Table 1 . Comparing to the normal situation, the clockwise walking pedestrians are not always in the inner lane under the holding umbrella situation. This might be because umbrellas reduce the free space among pedestrians, which suppresses the right-walking preference of pedestrians. The flow rate of bidirectional flow is also presented in Fig.3a 2 . The flow rate increases until the global density reaches 0.75 ped/m 2 (N=50), and then it becomes basically saturated. Different from that under normal situation, in which bidirectional flow rate is essentially equal to the unidirectional flow rate (Fig.2a) , the bidirectional flow rate under umbrella situation is smaller than the unidirectional flow rate by 0.2 ped/m·s, when the global density is larger than 1.05 ped/m 2 (N=70), see Fig.3c . This is because even if pedestrians in opposite directions have separated, the interactions between umbrellas in opposite directions are more intense and frequent than the physical body interactions under normal situation.
Modeling and simulation
Model
In our previous paper, we have proposed a force-based model to simulate the unidirectional and bidirectional pedestrian flow under normal condition and view-limited condition (Guo et al, 2015) . In this paper, we generalize the model to describe the impact of holding umbrella. For self-consistency of the paper, we firstly review the model (Guo et al, 2015) in this subsection.
In the force-based model, the motion of a pedestrian is described by three different components: driving force, repulsive force between pedestrians, and repulsive force between pedestrian and wall. The equation of motion is as follows,
ur uur uuuur uur Eq.(3a) means that if pedestrians i and i c walk in opposite direction and their distance is smaller than D cri1 , the desired walking direction of pedestrian i changes to the vertical direction of the line between the two pedestrians, see Fig.8 in Guo et al (2015) . D i (D ic ) is distance between pedestrian i (i c ) and the circle center.
Thus t(i) is used to determine the right/left drift rules: comparing to pedestrian i c , if pedestrian i is more far away from circle center, he/she will move to the outside, and vice versa. We would like to mention that under this circumstance, to mimic the behavior that a pedestrian walks diagonally without turning his/her body, we assume that the view direction keeps unchanged, which is no longer the same as the desired walking direction, see Fig.8 and Appendix B in Guo et al (2015) .
Eq.(3b) means that if pedestrians i and i c walk in the same direction and their distance is smaller than D cri2 , pedestrian i prefers to stop so that his/her desired speed becomes zero.
Under other circumstances, pedestrians walk along the ring-shaped corridor, see Eq.(3c). 
The components are explained below:
H is the tangent direction of the ring ( )
where o x and o y are respectively the horizontal and vertical coordinates of the center of corridor.
D i
H is a drift angle toward the corridor center
η is the magnitude of the drift angle. This drift angle is introduced because pedestrians walk in an annulus corridor. Otherwise, a pedestrian always gradually approaches the outer boundary.
( ) t ε is the deviation angle in the current time
Here ξ is a random angle value in the interval [-φ, φ] . t t − Δ indicates the last time step. Eqs.(9a) and (9b) mean that the closest pedestrian has stepped out of the threshold distance, so that a pedestrian needs to re-choose the desired direction. Otherwise, the desired direction remains unchanged.
θ is the right-walking preference angle, which denotes the extent of right-walking preference.
The repulsive force ij f uur describes interactions between pedestrian i and other pedestrians, which includes socio-psychological force to stay away from others and physical contact force. The force is slightly modified compared with that in social force model (Helbing et al, 2000a) .
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In Eq. (11a), the first term on the right hand side denotes the socio-psychological force, and the second term denotes the physical contact force. Pedestrians i and j are regarded as cylinders with radius r i and r j , respectively. r ij denotes the sum of the radius of the two pedestrians, namely r ij = r i + r j . d ij is the distance between the centers of the two pedestrians. D v is the vision distance. ij n uu r represents the unit normal vector from pedestrian j to i, ij t ur means the unit tangential vector, Next we generalize the model to consider the impact of holding umbrella. Under the holding umbrella situation, the contact between umbrellas will generate physical force, which should be added into the repulsive force. In Eq. (17a), the first term on the right hand side denotes the umbrella contact force. Pedestrians i and j hold umbrellas with radius R i and R j , respectively. R ij denotes the sum of the radius of the two umbrellas, namely R ij = R i + R j . k 2 and κ 2 are two parameters.
Since the corridor is marked by pasters, the physical contact force between umbrella and wall is ignored.
The repulsive force wall i f uuuur from the wall is unchanged.
Simulation results under holding umbrella situation
Fig . 6 Simulation results of (a) the evolution of clockwise and anti-clockwise flow rates over time corresponding to (b). (b) (c) and (d) three typical pedestrian configuration, N=100.
As proposed in Sivers et al (2015) , the calibration is performed by simulating several runs with different parameters. The parameter values sufficing to achieve a good quantitative fit to the fundamental diagram are selected. Under the holding umbrella situation, the parameter values are: 0.5s Under holding umbrella situation, simulations show that spontaneous lane formation occurs (Fig.6a) . (Fig.6c) . Moreover, there might form more than two lanes (Fig.6d) . Fig.7 shows the transform process that 4 lanes merge into 2 lanes. The pedestrians in middle lane in the anticlockwise direction cross the gap and merge into the inner lane. After that, two lanes keep stable. Fig. 8 presents another lane merge process when the pedestrian number N=80. As expected, the simulation results of bidirectional flow rate are smaller than that of the unidirectional flow rate, and it is in agreement with the experimental ones, see Fig.3a and Tables 2 and 4 , which present a quantitative comparison between experimental results and simulation results.
Conclusion
In this paper, we have experimentally studied the impact of holding umbrella on the uni-and bi-directional flow. Seven sets of experiments have been implemented, in which pedestrians holding umbrellas of different colors are asked to walk clockwise or anti-clockwise in a ring-shaped corridor. The flow rate under the umbrella situation is smaller than that in the normal condition, no matter in uni-or bi-directional flow. In bidirectional flow, pedestrians under the normal situation segregate into two opposite moving streams very quickly, and clockwise/anti-clockwise walking pedestrians are always in the inner/outer ring due to right-walking preference. In experiments under holding umbrella situation, spontaneous lane formation has also occurred, but clockwise/anti-clockwise pedestrians are not always in the inner/outer ring, and there can form more than two lanes in the stable state. Moreover, the merge of lanes have been observed. We have generalized a force-based model by adding the contact force between umbrellas. Simulation results are in agreement with the experimental ones.
In our future work, experiments with more participants should be carried out to study the impact of holding umbrella on pedestrian flow dynamics and to examine the proposed models under high density situations.
